We have included the effect of radiation trapping in a collisional-radiative model of neutral helium atoms developed by Goto [M. Goto, JQSRT 76, 331 (2003)], which is used to determine the electron temperature and density in plasmas from visible emission line intensities of atoms. In addition to the electron temperature and density, photo-excitation events from the ground state 1 1 S to the 2 1 P, 3 1 P, and 4 1 P states per second per one atom are treated as fitting parameters to reproduce the population density obtained by spectroscopic measurement. The model has been applied to an RF plasma at Shinshu University, Japan. The electron temperature and density and the contribution of radiation trapping to the population density of excited states are evaluated.
Introduction
Analysis of the intensity of atomic line radiation by the collisional-radiative model is a standard technique for determining the electron temperature and density in helium plasmas [1] [2] [3] . When using the diagnostic, generally, we have to evaluate the contribution of radiation trapping [4] to the population density of excited states. Because emission or absorption in one location depends on the radiation flux coming from the rest of the plasma, a self-consistent treatment of radiation trapping and population density is necessary. However, for convenience, in many cases the effect of radiation trapping is neglected or treated by the escape factor method [4] , which assumes a spatial distribution of excited states without solving the equation of radiation trapping.
We have previously developed an iterative computational code for solving the radiative transfer equation coupled with the collisional-radiative rate equation [5] . In this study, we propose a simple method that can easily be applied to the spectroscopic diagnostic. We treat photoexcitation events from the ground state 1 1 S to the 2 1 P, 3 1 P, and 4 1 P states per second per one atom as fitting parameters to reproduce the population density obtained by spectroscopic measurement. In this paper, the ionizing plasma [6] is considered. We extend a model developed by Goto [2] to include the effect of radiation trapping. Finally, we apply the code to an RF helium plasma at Shinshu University, Japan.
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Model
According to the collisional-radiative model, if photoexcitation is neglected, the temporal variation of the population density of an excited state p can be described by rate equations for the ionizing plasmas, which are
where C(p, q) is the excitation rate coefficient for electron collisions from state p to q, and F(q, p) is the inverse deexcitation rate coefficient. A(p, q) is the spontaneous transition probability from p to q, and S (p) is the ionization rate coefficient for state p. If photo-excitation from the ground state is included, Eq. (1) is extended as follows, [6] . Each L (the orbital angular momentum quantum number) level having principal quantum number n ≤ 7 is treated individually except for levels having L ≥ 3 [2] . These latter levels of the same n are bound together to form a single level, which is denoted as F in this paper.
According to the quasi-steady-state solution [6, 7] , Eq. (1) 
Thus, instead of the coupled differential equations, Eq. (2), we have a set of coupled linear equations, Eq. (3). In this paper, the contribution of photo-excitation from the 1 1 S to singlet P states higher than 4 1 P are neglected because emission lines whose upper states are higher than 4 1 P were not observed in our spectroscopic experiment (reported below).
Solving Eq. (3) yields the population density of an excited state p in the form
where r 1 (p), r 2 (p), r 3 (p), r 4 (p), r 5 (p), and r 6 (p) are the population coefficients, each of which is a function of n e and T e . The first three terms denote the traditional ionizing plasma component [6] , while the last three are newly introduced. Using our model, we can determine the parameters of n e , T e , I 2 1 P ,
The accuracy of the model depends on the reliability of the adopted cross section data for the electron impact transition; following Ref. [2] , accurate cross sections calculated by the convergent close-coupling method [8] [9] [10] and the R-matrix with pseudostates method [11] are used in the present model. The rate coefficients for processes involving electron collisions are calculated by integrating the cross sections over a Maxwellian energy distribution.
Experimental
We applied the above model to an RF helium plasma at Shinshu University, Japan. Figure 1 shows a schematic view of the apparatus, consisting of a Pyrex glass tube 50 mm in diameter and 1100 mm in length, and an RF antenna. An RF power generator connected to a matching box supplied 100 W of power at 13.56 MHz. A pair of solenoids around the source produced magnetic fields of about 0.012 T at position 2 in Fig. 1 . A base pressure of 1.2 × 10 −4 Pa was maintained using a diffusion-rotary pump system. Helium gas was fed through a mass flow controller, and the pressure was maintained at 4.0 Pa. We measured the intensities of the neutral helium emission lines listed in Table 1 at positions 1-5 in Fig. 1 . These emission lines are optically thin. The line-of-sight is scanned by shifting a collecting lens vertically at each position to apply the Abel inversion and obtain emission powers, A(p, q)n(p)hν, as a function of the plasma radius. The collected light was fed via an optical fiber to a Czerny-Turner spectrometer with a CCD camera (Hamamatsu C5095, M6296-01). The optical fiber with the collecting lens provides approximately 2 mm spatial resolution. The sensitivity of the optical system was abso-001-2 lutely calibrated using a calibrated xenon lamp light source (Hamamatsu L7810).
Results and Discussion
Figures 2 (a) and 2 (b) show the line-of-sight integrated emission powers of the spectral lines of the singlet and triplet states obtained from signals of the absolutely calibrated optical system, respectively, at position 2 in Fig. 1 . These data were Abel-inverted, and the emission powers of the spectral lines in Table 1 were calculated as a function of the plasma radius. Figures 3 (a) and 3 (b) show the results of Abel inversion.
The large increase in intensity at r = 0 mm in Figs. 3 (a) and 3 (b) is characteristic of position 2 which is located in the RF antenna. As an example of the other positions, Figs. 4 (a) and 4 (b) show the line-of-sight inte- Figure 6 shows the population distribution of the singlet and triplet states at position 2 (r = 0 mm) in Fig. 1 .
The parameters n e , T e , I 2 1 P , I 3 1 P , I 4 1 P , n(2 1 S ), and n(2 3 S ) on the right-hand side of Eq. (4) were determined by least squares, i.e., by minimizing the next function, f (n e , T e , I 2 1 P ,
where n(p) is the left-hand side of Eq. (4), and n exp (p) denotes the population density determined by spectroscopic measurement. The summation was performed for the upper states of all the transitions in Table 1 . In this study, the density of the ground state atom, 9. evaluated from the gas pressure with the ideal-gas law, was used for n(1 1 S ). By changing the values of each parameter, the best combination of parameter values was numerically determined.
The population density calculated with the optimized parameters is shown in Fig. 6 . The experimentally obtained population was reproduced well by the least-squares fit. Most of the population of 3 1 P and 4 1 P is produced by photo-excitation from the ground state. The influence of photo-excitation to the 3 1 P and 4 1 P states on the population density of the other states is small because of the low electron density in the present experiment. Negligence of photo-excitation to the singlet P states higher than 4 1 P is thus justified. Similarly, the 2 1 P state produced by the photo-excitation decays into 1 1 S and 2 1 S by the radiative transition. The subsequent electron impact excitation from 1 1 S and 2 1 S is included in r 1 (p)n(1 1 S )n e and r 2 (p)n(2 1 S )n e in Eq. (4) . Because the contribution of r 4 (p)n(1 1 S )I 2 1 P to n ≥ 3 states, which originate from electron impact excitation from 2 1 P, is negligible in the present experiment, we cannot determine the accurate value of I 2 1 P in the least-squares fit. Thus, r 4 (p)n(1 1 S )I 2 1 P is omitted in Fig. 6 .
For other states, the populations are produced mainly by the electron impact from the ground state, except for the singlet and triplet D states, where electron impact excitation from the singlet and triplet metastable states is significant.
Figures 7 (a) and 7 (b) show the electron temperature and density, determined using the proposed method, respectively. At position 2 (r = 0 mm), which is in the RF antenna, the electron density has a high value. This is the origin of the intensity increase at r = 0 mm in Fig. 3 . At position 1, which is close to the end of the discharge tube, the electron density is small. The electron temperature is roughly uniform in the plasma. Figure 8 shows I 3 1 P and I 4 1 P at positions 2 and 4 in Fig. 1 . At position 2 (r = 0 mm), I 3 1 P and I 4 1 P are larger than that at position 4 (r = 0 mm). The difference is attributed to the large population densities of the excited states n = 3 and n = 4 at position 2 (r = 0 mm) due to the high electron density at that position; the radiation fields produced by emission from the upper states at position 2 are stronger than those at position 4. Figure 9 shows n(2 1 S ) and n(2 3 S ) at positions 2 and 4. The figure indicates that the densities of the metastable states are roughly uniform in the plasma. The densities of the metastable states in Fig. 9 confirm that the quasisteady-state approximation, Eq. (3), does not hold for the Fig. 9 Radial profiles of the population of metastable states n(2 1 S ) and n(2 3 S ). The ground state density n(1 1 S ) is also shown. (5). The result of the leastsquares fit was almost the same as that shown in Fig. 6 . Table 2 gives the reciprocals of the absorption coefficients at the central frequency of the spectral lines, which correspond to the mean free paths for photon absorption at that frequency. In the calculation, thermal Doppler broadening at 300 K is assumed, and the densities of the ground state atom and the metastable atom in Fig. 9 are used. Table 2 indicates that photo-excitation from the singlet and triplet metastable states is small because the mean free paths are larger than the scale of the plasma. Figure 10 shows the excitation and de-excitation flows at position 2 (r = 0 mm). The largest inflow and outflow for each state and other significant flows are presented. Except for the singlet P states, the dominant inflow and out- flow of each state is caused by excitation from the ground state or the metastable states by electron impact and spontaneous emission to the lower states, respectively. Such a balance is characteristic of low electron density ionizing plasmas [6] . The dominant inflow for the singlet P states is caused by photo-excitation. As mentioned earlier, the amount of photo-excitation to the singlet 2 1 P state was not determined by our analysis, so we cannot estimate the emission flow from the 2 1 P state to the lower states 1 1 S and 2 1 S . However, because the populations of 1 1 S and 2 1 S are determined as shown in Fig. 9 , we can calculate the excitation flows from 1 1 S and 2 1 S .
Conclusion
We have constructed a collisional-radiative model of neutral helium atoms that includes parameters of photoexcitation rate from a ground state atom to determine the electron temperature and density of plasmas in which the effect of radiation trapping cannot be neglected. The method reported in this paper has been applied to an RF plasma at Shinshu University. From the intensity of visible helium lines, the electron temperature and density and the densities of the singlet and triplet metastable state atoms are determined. The contribution of radiation trapping to the population density of the excited states is also estimated.
The proposed method has been applied to a low electron density plasma. However, it is also expected to be effective for higher electron density plasmas such as fusion plasmas, where the transition among excited states by electron impact cannot be neglected. We hope that this method will be tested for higher electron density plasmas and used as a standard diagnostic tool.
